Abstract Xanomeline is thought to be a M1/M4 functionally selective agonist at muscarinic receptors. We have previously demonstrated that it binds in a unique manner at the M1 receptor. In the current study, we examined the ability of xanomeline to bind to the M3 receptor and determined the long-term consequences of this mode of binding in Chinese hamster ovary cells expressing M3 receptors. Xanomeline binds in a reversible and washresistant manner at the M3 receptor and elicits a functional response under both conditions. Long-term exposure to xanomeline resulted in changes in the binding profile of [ 3 H]NMS and a decrease in cell-surface receptor density. Additionally, pretreatment with xanomeline was associated with antagonism of the functional response to subsequent stimulation by conventional agonists. Our results indicate that xanomeline binds to and activates the M3 muscarinic receptor in a wash-resistant manner, and that this type of binding results in time-dependent receptor regulation.
Introduction
There are five subtypes of muscarinic acetylcholine receptors (mAChR), denoted M1-M5, which are part of the G-protein-coupled receptor superfamily [1] . The orthosteric binding site is well conserved across subtypes making it difficult to develop an agonist that specifically activates a particular subtype [2] . However, allosteric binding sites on the receptors are less conserved across subtypes, which may aid in the development of drugs that are subtype selective [3] . The M1, M3 and M5 receptors are functionally coupled to the G q/11 G-proteins that lead to the activation of phospholipase C [4] . The M1 receptor is involved in learning and memory whereas the M3 receptor is known to be involved in salivation, food intake and gastrointestinal tract motility and secretion [3] .
One characteristic of Alzheimer's disease (AD) is loss of cholinergic neurons in the basal forebrain that project to the hippocampus [5] . There is a decrease in the levels of choline acetyl transferase and presynaptic M2 receptors [5] ; however, the postsynaptic M1 receptors seem to remain at normal levels [3] . One current avenue that is being pursued for the treatment of Alzheimer's disease is the use of cholinergic agonists to replace the deficiency in endogenous acetylcholine. Such agonists would be beneficial because they do not rely on presynaptic cholinergic projections to be present [6] . However, it is necessary to find an agonist that selectively activates the M1 receptor to avoid unwanted side effects.
In the literature, xanomeline has been purported to be a potent agonist that is functionally selective for M1 and M4 receptors [6, 7] . This is in spite of its binding with equal potency to all subtypes of muscarinic receptors [6, 7] . Current research has primarily focused on the interaction of xanomeline at the M1 receptor. The binding of xanomeline to this receptor is thought to occur through a mechanism that is distinct from other agonists, with binding occurring both at the primary orthosteric site (reversible) and at a secondary allosteric site (wash-resistant) [8] . Binding of xanomeline in a wash-resistant manner at the M1 receptor occurs rapidly and takes place even when the primary binding site is blocked [9] . In contrast, its wash-resistant activation of the M1 receptor appears to involve the orthosteric receptor domain. It appears that xanomeline also has unique binding properties at the M2 [10] and M5 [11] receptors. However, it is unclear whether the molecular mechanism of xanomeline binding occurs in a similar manner at all the receptor subtypes. Previously, xanomeline was tested in clinical trials for treatment of Alzheimer's disease. Although there were positive effects on cognitive measures, thought to occur through activation of the M1 receptor [6] , the adverse side effects due to activation of other muscarinic receptors eventually resulted in the cessation of further clinical trials [12] . However, recent research has explored the possibility of xanomeline treatment of schizophrenia. Current research has demonstrated that treatment with xanomeline results in a decrease in symptoms of schizophrenia and an improvement in cognitive function [13] . In this case the side effects of xanomeline treatment were more well tolerated [13] . It is currently unknown if these beneficial actions of xanomeline are a result of activation of M1 or M4 receptors or a combination of both.
The current study extended this work to examine the ability of xanomeline to bind to the M3 receptor and to determine the long-term consequences that wash-resistant xanomeline exerts on receptor binding and functional response. Elucidation of the mode of interaction of xanomeline with various muscarinic receptor subtypes and the underlying mechanisms may lead to the development of both muscarinic agonists and antagonists with long duration of action and perhaps better pharmacological selectivity. IN) ; all other reagents were purchased from Sigma-Aldrich (St. Louis, MO).
Experimental Procedures

Materials
Cell Culture
Chinese hamster ovary (CHO) cells stably transfected with the human M3 muscarinic acetylcholine receptor (hM3) (provided by Dr. M. Brann, University of Vermont Medical School) were grown in Dulbecco's modified Eagle's medium supplemented with 10% bovine calf serum and 50 lg/ml geneticin. Cells were grown to confluency in 24-well plates at 37°C in a humidified atmosphere consisting of 5% CO 2 /95% air.
Pretreatment With Xanomeline
CHO cells expressing the hM3 receptor were incubated with xanomeline in culture media at 37°C. After incubation for 1 min or 1 h, the cells were washed three times with HEPES buffer (110 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl 2 , 1 mM MgSO 4 , 25 mM glucose, 20 mM HEPES, 58 mM sucrose; pH 7.4 ± 0.02; 340 ± 5 mOsm) to remove any unbound drug. Cells were used immediately or allowed to incubate for 23-24 h in ligand-free media. Additional cells were incubated with xanomeline in media for 24 h before washing three times with HEPES buffer. All pretreatments and radioligand assays were performed on cells in monolayer unless otherwise noted.
Time Course
These experiments were conducted to determine the time course of development of xanomeline wash-resistant binding. CHO hM3 cells were incubated for various times (\15 s to 30 min) with a single concentration of xanomeline (10 lM) and then washed three times with HEPES buffer. In the binding assay, cells were incubated with the muscarinic receptor ligand [ 3 H]N-methylscopolamine ([ 3 H]NMS) (0.2 nM) for 1 h at 37°C. In all instances, non-specific binding was determined using 10 lM atropine. Incubations were terminated by washing away free radioligand and then cells with bound radioligand were dissolved in 1 M NaOH. Bound radioactivity (disintegrations per minute (dpm)) was quantitated by liquid scintillation spectrometry.
Inhibition of [ 3 H]NMS Binding by Xanomeline
This protocol was used to assess the potency of xanomeline binding to the hM3 receptor. CHO hM3 cells were incubated for 1 h concurrently with a fixed concentration of the muscarinic receptor ligand [ 3 H]NMS (0.2 nM) and increasing concentrations of xanomeline (1 nM-100 lM). In order to assess persistent binding of xanomeline, cells were pretreated for 1 min or 1 h with increasing concentrations of xanomeline (1 pM-100 lM), washed three times with HEPES buffer and then used immediately or after 23-24 h incubation in control media. In order to assess the effects of prolonged xanomeline treatment, cells were pretreated for 24 h with increasing concentrations of xanomeline before washing three times with HEPES buffer. Subsequently, cells were incubated with [ 3 H]NMS (0.2 nM) for 1 h. In all instances, pretreatments and radioligand binding were performed in monolayer at 37°C. Non-specific binding was determined using 10 lM atropine. Incubations were terminated as described above. Protein determinations were performed according to the method of Bradford [14] . Bound radioactivity (dpm) was quantitated by liquid scintillation spectrometry.
[ 3 H]NMS Saturation Binding
A saturation binding paradigm was used to determine the total cell-surface receptor density and radioligand-receptor equilibrium dissociation constant. CHO hM3 cells were incubated in monolayer for 1 h at 37°C in the absence or presence of xanomeline (10 lM) followed by three washes with HEPES buffer and used immediately or after 23 h incubation in control media. An additional group of cells was treated with xanomeline for 24 h before washing three times with HEPES buffer. Subsequently, cells were incubated in monolayer with increasing concentrations of [ 3 H]NMS (0.01-6.5 nM) for 1 h at 37°C. Non-specific binding was determined using 10 lM atropine. Reactions were terminated and bound radioactivity was quantitated as described above.
Assay of Phosphoinositide (PI) Hydrolysis CHO hM3 cells were loaded with myo-[ 3 H]inositol (1 lCi/ ml) at 37°C 24 h prior to being subjected to the following several different treatment protocols with agonists and determination of inositol phosphate production. (1) Labeled untreated cells were incubated in the presence of increasing concentrations of xanomeline, pilocarpine, or carbachol in the presence of 10 mM LiCl for 1 h at 37°C. (2) Cells were pretreated with increasing concentrations of xanomeline (1 nM-100 lM) for 1 min or 1 h, at which time cells were washed three times with HEPES buffer. Cells were then incubated for 1 h at 37°C in the presence of 10 mM LiCl but in the absence of further agonist stimulation. (3) Cells were pretreated for 1 min or 1 h with a single concentration of xanomeline (10 lM), washed three times with HEPES buffer and then used immediately or incubated in control media for 23 or 24 h, respectively. (4) Cells were pretreated with xanomeline (10 lM) for 24 h, washed three times with HEPES buffer and used immediately in the functional assay. For treatments three and four, cells were then incubated with increasing concentrations of carbachol (10 nM-10 mM), pilocarpine (10 nM-1 mM) or xanomeline (1 nM-100 lM) for 1 h in the presence of 10 mM LiCl. (5) The time course of xanomeline-induced persistent activation and antagonism of carbachol-elicited PI hydrolysis was established. CHO hM3 cells were exposed to xanomeline (10 lM) for increasing amounts of time (30 min-24 h) followed by washing and immediate use in the functional assay. Alternatively, cells were treated with xanomeline (10 lM) for 1 h followed by extensive washing and incubation in control media for increasing lengths of time (1-23 h) as indicated in Results. In both cases, cells were incubated for 1 h in a LiCl-containing buffer in the absence of further agonist stimulation or in the presence of a single high concentration of carbachol (10 lM).
In all cases, reactions were stopped with 0.3 M HClO 4 and neutralized with 0.15 M K 2 CO 3 . The samples were centrifuged (1,5009g; 15 min) and total inositol phosphates in the supernatant were separated by ion exchange chromatography (AG1-X8 resin). In all cases, [ 14 C]inositol-1-phosphate was used as an internal recovery standard. Radioactivity (dpm) was quantitated by liquid scintillation spectrometry.
Data Analysis
All analyses were conducted using Prism 4.0 (GraphPad Software Inc., San Diego, CA). Inhibition curves of [ 3 H]NMS binding were analyzed via non-linear regression to derive estimates of IC 50 (midpoint location or potency parameter). Data were refitted according to both one-and two-site mass-action binding models, and the better model was determined by an extra sum-of-squares test. The nonreversible nature of xanomeline binding did not permit transforming IC 50 values to inhibition constants because such transformation assumes reversible competitive interaction. Saturation binding curves were analyzed by nonlinear regression to derive individual estimates of B max (total cell-surface receptor density) and K d (radioligandreceptor equilibrium dissociation constant). PI hydrolysis concentration-response curves were analyzed via non-linear regression. Data shown are the means ± standard error of the mean. Comparisons between mean values were performed by one-way analysis of variance (ANOVA). A probability (P) value\0.05 was taken to indicate statistical significance.
Results
Time Course of Xanomeline Wash-Resistant Binding
To determine the time course of the formation of xanomeline wash-resistant binding at the M3 receptor, cells were exposed to 10 lM xanomeline for various lengths of time (\15 s to 30 min) and extensively washed. The formation of wash-resistant xanomeline binding occurred rapidly at the M3 receptor ( Fig. 1 (Fig. 2a, 2b ). Brief pretreatment of cells with xanomeline followed by washing and immediate use in the binding assay resulted in wash-resistant binding of xanomeline with a potency that was 2.4 and 1.5 orders of magnitude lower than that obtained when xanomeline was continually present in the binding assay in case of preincubation for 1 min (Fig. 2a ) or 1 h (Fig. 2b) , respectively. In all cases non-linear regression analysis indicated the data were adequately fit by a one-site binding model.
To determine the long-term effects of wash-resistant xanomeline on the binding of 0. Table 1 ). The highpotency site observed following washing and waiting was 3 and 1.2 orders of magnitude higher than the single site obtained prior to waiting in the case of 1 min or 1 h pretreatments, respectively (Table 1) . Interestingly, the lowpotency site observed 24 h after 1 min pretreatment was indistinguishable from the single-potency curve obtained immediately following 1 min pretreatment (Table 1) . However, when pretreatment times were increased to 1 h before washing, the low-potency site observed following 23 h wait was 1.3 orders of magnitude lower than that seen when cells were used immediately following washing (Table 1) . A similar biphasic binding curve was obtained when cells were continuously incubated with xanomeline for 24 h prior to washing, albeit with markedly higher potencies at both sites ( Fig. 2a, b ; Table 1 ).
Due to the fact that xanomeline was dissolved in dimethyl sulfoxide (DMSO), control experiments were designed to ensure that DMSO did not contribute to the observed effects of xanomeline. Cells were treated with DMSO concentrations corresponding to those in contact with cells during the various treatment modalities with xanomeline. DMSO did not result in a decrease in radioligand binding at the highest concentrations used to prepare xanomeline dilutions (1%; data not shown).
It has previously been reported that long-term pretreatment with xanomeline at the M1 receptor results in decreased protein content [15] . Therefore, additional experiments were conducted using the method of Bradford [14] to determine if there were changes in protein levels following the various xanomeline pretreatment protocols at the M3 receptor. There was no change in protein content compared to control for any of the aforementioned treatment groups (data not shown).
Effects of Xanomeline Treatments on [ 3 H]NMS Saturation Binding Increasing concentrations of [
3 H]NMS were used to determine the effects of 10 lM xanomeline pretreatment on cellsurface receptor density and radioligand affinity in CHO cells expressing the M3 receptor. As shown in Fig. 3 , treatment with xanomeline for 1 h followed by washing and immediate use led to a significant (P \ 0.05) reduction in radioligand affinity, but no change in maximal binding compared to untreated cells. In contrast, pretreatment with xanomeline for 1 h followed by washing and waiting for 23 h resulted in a significant (P \ 0.05) decrease in cellsurface receptor number without a change in radioligand affinity ( Fig. 3 ; Table 2 ). Interestingly, cells that were incubated with xanomeline for 24 h prior to washing displayed a significant (P \ 0.05) decrease in both the radioligand affinity and the number of cell-surface receptors ( Fig. 3 ; Table 2 ). Initial experiments were designed to compare the functional response elicited by xanomeline to that of the M3 full agonist carbachol and the partial agonist pilocarpine [16] in untreated cells. The maximal response stimulated by xanomeline was slightly lower than pilocarpine and approximately half that of carbachol, demonstrating that xanomeline displays properties of a partial agonist at the M3 receptor under our specific experimental conditions (Fig. 4a) . However, xanomeline exhibited a significantly (P \ 0.05) higher potency than either carbachol or pilocarpine (Table 3) .
Wash-resistant xanomeline binding resulted in persistent activation of the M3 receptor (Fig. 4b) . Exposure of cells to xanomeline for 1 min followed by washing led to a concentration-dependent increase in the hydrolysis of inositol phosphates, with a maximal response similar to that observed when it was continually present with untreated cells, but with a lower potency (Table 3) . Interestingly, increasing the preincubation time with xanomeline to 1 h prior to washing reduced the maximal response without a (Table 3) . In order to demonstrate that the observed effects of xanomeline are not due to depletion of the pool of labeled polyphosphoinositides, cells were stimulated with exogenous phospholipase C following the various pretreatments with xanomeline. No differences in the production of inositol phosphates were observed in any of the experimental groups (data not shown).
Effects of Acute Xanomeline Exposure on the Ability of Various Muscarinic Agonists to Stimulate the Production of Inositol Phosphates
Brief pretreatment with 10 lM xanomeline followed by washing resulted in significant decreases in carbachol potency (P \ 0.05), with a more marked effect in the case of 1 h pretreatment ( Fig. 5a ; Table 4 ). No changes were observed in the maximal response elicited by carbachol following 1 min or 1 h pretreatment with xanomeline and washing (Fig. 5a) . The concurrent presence of xanomeline and carbachol during the functional assay resulted in a larger reduction in carbachol potency compared to that obtained following either pretreatment condition ( Fig. 5a ; Table 4 ).
Further experiments were conducted to determine the effects of brief xanomeline treatment and washing on the response to partial agonists. Pretreatment with 10 lM Xanomeline pretreatments 1-min/washout/no wait 6.1 ± 0.10 9,800 ± 2,000 3
1-h/washout/no wait 7.1 ± 0.52 6,200 ± 1,300 4
Cells were incubated at 37°C for 1 h with increasing concentrations of carbachol, pilocarpine or xanomeline and the levels of inositol phosphate production were determined in the presence of 10 mM LiCl. Additional groups of cells were treated with xanomeline for 1 min or 1 h followed by washing and use in the functional assay in the absence of further agonists stimulation. Parameters (±SEM) were derived from computer-assisted non-linear regression analysis a Negative logarithm of the midpoint (potency) parameter b Maximal response. Values are expressed as dpm/well after correcting for standard recovery c Number of experiments ANOVA followed by Tukey's post-test comparison detected a significant difference (P \ 0.05) in pEC 50 between xanomeline compared with carbachol or pilocarpine * ANOVA followed by Dunnetts post-test comparison detected a significant difference (P \ 0.05) in E max between xanomeline compared with carbachol No statistical differences in pEC 50 or E max were found between the xanomeline-pretreated and washed groups and xanomeline continuous presence during the receptor function assay Fig. 5 Effects of acute xanomeline exposure on the ability of muscarinic agonists to stimulate the production of inositol phosphates. Cells were pretreated with 10 lM xanomeline for 1 min (closed circles) or 1 h (closed triangles) followed by washing and immediate use. Subsequently, cells were treated with increasing concentrations of a carbachol; b pilocarpine; or c xanomeline and the accumulation of inositol phosphates was determined over a 1 h incubation period at 37°C in the presence of 10 mM lithium chloride for untreated cells (closed squares) and those pretreated with xanomeline. a An additional group of cells was simulated simultaneously with increasing concentrations of carbachol and 10 lM xanomeline (closed diamonds). Values represent the means ± SE. of 3-7 experiments conducted in triplicate xanomeline for 1 min or 1 h followed by washing led to a significant (P \ 0.05) decrease in pilocarpine potency (by *1 order of magnitude) (Fig. 5b) . This was accompanied by a significant (P \ 0.05) decrease in pilocarpine maximal response in the 1 h pretreatment group, but not the 1 min group ( Fig. 5b; Table 4 ). Xanomeline wash-resistant binding also resulted in antagonism of the response to a second addition of xanomeline. This was evidenced by a decrease in xanomeline potency without an alteration in efficacy ( Fig. 5c ; Table 4 ).
Effects of Long-Term Xanomeline Exposure on the Ability of Various Muscarinic Agonists to Stimulate Inositol Phosphate Production
The full agonist carbachol was utilized to determine the long-term effects of xanomeline pretreatment on receptor response. Pretreatment with 10 lM xanomeline for 1 min or 1 h followed by washing and waiting for a day resulted in nearly identical concentration-response curves, displaying significant (P \ 0.05) decreases in the potency of carbachol without significant changes in maximal response ( Fig. 6a; Table 4) . A more marked decrease in carbachol potency (2.4 orders of magnitude) was observed when cells were pretreated with 10 lM xanomeline for 24 h before washing ( Fig. 6a; Table 4 ). Again, there was no change in carbachol maximal response.
Lack of demonstrable effects of xanomeline pretreatment on the maximal response elicited by the full agonist carbachol, in spite of the observed large decrease in the number of available cell-surface receptors (Fig. 3) , might be due to the involvement of spare receptors. We therefore tested the effects of xanomeline on the receptor response to partial agonists, as such ligands require full receptor occupancy to elicit maximal receptor activation. Cells were pretreated with 10 lM xanomeline for 24 h prior to washing, or preincubated with 10 lM xanomeline for either 1 min or 1 h followed by washing and prolonged waiting in the absence of free xanomeline. In all cases, comparable significant (P \ 0.05) decreases in the maximal response to the partial agonist pilocarpine were observed (Fig. 6b) . These effects were accompanied by a significant (P \ 0.05) reduction in pilocarpine potency, with a more pronounced effect in case of the 24 h pretreatment group ( Fig. 6b; Table 4 ). Noteworthy, pretreatment with xanomeline resulted in more marked attenuation of its own stimulatory effects as compared to those of carbachol and pilocarpine (Fig. 6c) . However, xanomeline maximal receptor activation and Control (untreated) 6.2 ± 0.09 28,300 ± 3,100 7 5.7 ± 0.004 26,800 ± 2,300 3 6.2 ± 0.14 28,100 ± 3,000 5
1-min/washout/no wait 4.7 ± 0.19 * 30,700 ± 4,100 4 4.9 ± 0.05 24,500 ± 2,800 3 4.5 ± 0.10 à 32,200 ± 2,800 3
1-h/washout/no wait 4.2 ± 0.06 * 28,900 ± 5,100 3 4.3 ± 0.05 17,900 ± 1,500 3 4.4 ± 0.15 à 32,200 ± 2,800 3
Xanomeline and carbachol-coaddition 3.7 ± 0.11 * 24,± 4,800 3 1 min/washout/wait 24 h 5.5 ± 0.14 potency under these conditions could not be quantified since a full concentration-response curve could not be attained, due to the concentration limitations presented by using DMSO as a solvent.
Time Course of the Switch of Xanomeline Pharmacological Profile From an Agonist to an Antagonist
We have shown that the presence of acute wash-resistant xanomeline binding results in an increase in basal levels of inositol phosphate production (Fig. 5) . However, inositol phosphate levels were no longer elevated following prolonged waiting in control media (Fig. 6) . Similar results were obtained when cells were incubated with xanomeline for 24 h prior to washing. To determine the time course of the reversal of receptor stimulation by wash-resistant xanomeline, cells were treated with 10 lM xanomeline for 1 h followed by washing and waiting for different durations. The initial receptor activation following pretreatment for 1 h and washing decreased rapidly and subsided upon further incubation in control media, approaching control levels after 3 h (Fig. 7a) . As can be seen in Fig. 7b , a similar response profile was observed when xanomeline was present for increasing durations of time prior to washing (30 min-24 h), although the time-dependent reversal of persistent receptor activation occurred at a slower rate. Xanomeline has been shown to antagonize the functional response to carbachol following washing and prolonged incubation in control media (Fig. 6) . Further experiments were conducted to determine the timedependence of development of xanomeline antagonistic activity. A reduction in the ability of carbachol to elicit a response was observed immediately following xanomeline treatment for 1 h. This effect was maintained at a steady state upon further incubation of pretreated and washed cells in control media for various time points up to 23 h (Fig. 7a) . In contrast, a time-dependent reduction in the ability of carbachol to stimulate a response was observed when cells were treated with xanomeline for 30 min-24 h followed by washing (Fig. 7b ).
Discussion
We have recently shown that brief interaction of xanomeline with the M1 muscarinic receptor results in washresistant binding and receptor activation that are associated with delayed consequences on receptor binding and activity. In clinical trials of Alzheimer's disease treatment with xanomeline, patients experienced side effects such as excessive salivation and gastrointestinal tract problems. These effects are most likely due to activation of the M3 receptor [6, 17] . In the current study, we were interested in investigating the short-and long-term effects of xanomeline interaction with the M3 receptor on radioligand binding and receptor function.
Our results indicate rapid biphasic kinetics of development of wash-resistant xanomeline binding at the M3 receptor. A rapid phase of binding takes place within the first minute of exposure, followed by a slower phase that reaches equilibrium after *10 min (Fig. 1) . These kinetics are similar to those observed at the M1 receptor [9] , but are in contrast to the slower formation of wash-resistant xanomeline binding at the M2 receptor [10] .
Previous literature suggests that xanomeline binds equally well to all five muscarinic receptor subtypes [7] . In our current study, xanomeline was shown to bind with high-potency at the M3 receptor, similar to that obtained previously at the M1 [18] and M5 receptor [11] using similar expression systems. We have also shown that xanomeline binds to the M3 receptor in a wash-resistant manner similar to other muscarinic receptor subtypes [10, 18] . When cells expressing M3 muscarinic receptors were exposed to xanomeline for 1 min or 1 h followed by washing and immediate use in the binding assay, it resulted in concentration-dependent wash-resistant binding (Fig. 2) . Interestingly, overnight incubation of briefly pretreated and washed cells in ligand-free media resulted in the development of a biphasic binding curve. Similar results were observed under the same conditions at the M1 receptor [15] . It is well-documented that prolonged incubation with an agonist leads to internalization/downregulation of the receptor [19, 20] . Decreased radioligand binding associated with these phenomena might underlie the appearance of the new high-potency xanomeline-induced decrease in [ (Fig. 2) , a hallmark of allosteric receptor modulation [21] . Thus, changes in the cooperative interactions between the receptor orthosteric and allosteric sites might also play a role in the observed delayed effects of xanomeline. However, incomplete inhibition of [ 3 H]NMS binding may suggest that a portion of the receptor population is not susceptible to internalization/down-regulation [22] . Additionally, it is also possible that incomplete inhibition of [ Saturation binding experiments were performed to determine the effects of short-and long-term xanomeline binding on the number of cell-surface receptors and radioligand binding affinity (Fig. 3 ). Brief xanomeline pretreatment followed by washing did not affect maximal [ 3 H]NMS binding. However, there was a significant decrease in its binding affinity. This may be due to allosteric modulation of the receptor orthosteric domain by xanomeline binding at its allosteric site [9, [23] [24] [25] . It is also possible that the reduction in radioligand affinity could be a result of incomplete washout of xanomeline. However, this is unlikely because exposure of untreated cells to the supernatant from the third or seventh washes did not affect on radioligand binding (data not shown). When cells were subjected to brief xanomeline pretreatment followed by a long waiting period, the effects of xanomeline were confined to a decrease in the number of receptors without a change in their affinity for the radioligand, indicative of internalization/down-regulation of the receptor [26, 27] . In contrast, incubation with xanomeline for 24 h prior to washing resulted in a reduction of both the number of receptors and the affinity of the radioligand. The change in radioligand affinity may suggest modulation of receptor conformation by xanomeline binding at the allosteric site in addition to receptor down-regulation.
The functional consequences of xanomeline treatment were studied by determining the accumulation of inositol phosphates (Fig. 4) . Xanomeline was found to be a potent partial agonist at the M3 muscarinic receptor. This is in agreement with previous studies [6] . However, Wood et al. [28] showed that xanomeline acted as a full agonist at M3 receptors in their expression system. This discrepancy may be due to different receptor expression levels or variation in the functional assays employed to assess receptor sensitivity. The wash-resistant component of xanomeline binding established after exposure to the drug for 1 min was able to stimulate a concentration-dependent functional response at the M3 receptor. The maximal response was similar to that observed when xanomeline was present during the functional assay, albeit with a lower potency under the former protocol. These findings are similar to what was observed at the M1 receptor [8, 15] . However, pretreatment of cells with xanomeline for 1 h followed by washing resulted in a slightly lower efficacy compared to xanomeline pretreatment for 1 min. This time-dependent reduction in receptor sensitivity might be due to xanomeline-induced desensitization of the receptor. It has been demonstrated that an agonist can cause desensitization without changing receptor expression [29] .
This notion was tested further by examining the effects of xanomeline treatment on the ability of other agonists to stimulate the production of inositol phosphates (Fig. 5) . When xanomeline was present for 1 min or 1 h followed by washing and immediate use it decreased the potency of carbachol without reduction of its maximal response. These results are in agreement with saturation binding experiments in which there was marked reduction in the affinity of the radioligand for the receptor in the absence of change in receptor density. However, pretreatment with xanomeline for 1 h resulted in wash-resistant attenuation of not only the potency of the partial agonist pilocarpine, but also its maximal response. This might be due to the higher susceptibility of partial agonists to changes in receptor sensitivity [30] . Alternatively, these results could be explained by differential allosteric modulation by xanomeline of the interaction of different agonists with the receptor. Previous research has shown that compounds that are thought to act in allosteric manner result in a change in the response of cells to additional agonists [24, 25] . When cells were treated with xanomeline for 1 min or 1 h followed by washing and prolonged waiting there was also a decrease in the potency of both carbachol and pilocarpine, albeit the shift in potency was less pronounced than that observed following acute xanomeline pretreatments (Fig. 6 ). This corresponds well to the observed reversal of the effects of xanomeline on [ 3 H]NMS affinity following prolonged incubation of pretreated and washed cells in control media. In contrast, acute wash-resistant xanomeline binding at the M3 receptor resulted in additional delayed reduction in the maximal functional response elicited by carbachol and pilocarpine that is likely due to reduction in the number of cell-surface receptors detected in radioligand binding experiments. Pretreatment with xanomeline for 24 h prior to washing resulted in a more pronounced effect on the potency of carbachol and pilocarpine compared to acute xanomeline pretreatment followed by washing and waiting. This might be due to the larger decrease in receptor affinity detected in radioligand binding studies under the latter treatment conditions. Increases in activation of phosphoinositide hydrolysis were seen in cells briefly treated with xanomeline and then washed. However, when pretreated and washed cells were incubated for a long period in the absence of free xanomeline, this wash-resistant receptor activation was reversed to control unstimulated levels. The same phenomenon was observed in cells continuously treated with xanomeline for prolonged durations. It is possible that receptor uncoupling from the G-protein, internalization or down-regulation could account for these changes [27, 31] . We further explored the time-dependence of the development of this biphasic pharmacological profile. Elevated levels of inositol phosphates that occur during 1 h xanomeline treatment followed by washing rapidly decline within the first 3 h of incubation in control media. A similar decline in washresistant activation was observed when cells were treated with xanomeline for 30 min-24 h followed by washing just prior to performing the receptor functional assay.
Reversal of xanomeline wash-resistant activation of the receptor is accompanied by attenuation of receptor activation by carbachol. Noteworthy, while there was complete reversal of wash-resistant receptor activation by xanomeline following waiting after brief exposure, its antagonistic effects on carbachol reached a maximum of only *25%. In contrast, the ability of carbachol to elicit a response following exposure of cells to xanomeline for 30 min-24 h followed by washing decreases as the time of xanomeline exposure increases, with a maximal decrease of approximately 67%. The higher magnitude of the antagonistic effects of the latter treatment protocol on the response to carbachol might be due to its demonstrated combined effect on receptor number and affinity.
In summary, these data demonstrate that wash-resistant xanomeline binding occurs rapidly at the M3 receptor and is able to stimulate a functional inositol phosphate response. Incubation with xanomeline for brief periods of time followed by prolonged waiting leads to marked delayed changes in cell-surface receptor density that are accompanied by development of antagonism of the functional response to agonists. Mechanistically, the long-term effects of xanomeline treatments may be due to internalization or down-regulation of the receptor as a result of wash-resistant receptor activation and/or allosteric modification of the receptor conformation. Further studies will be undertaken to elucidate the mechanisms of xanomeline-induced regulation of the M3 receptor.
